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At’Stract 

we expa9e in this note the idea on how to accelerate a lObi 
ineenslty electron or posltran b”“Ch. trave11ing through a 
linear r* StrUCtUPe, following at Short distance a” intense 
prOto” bunch which leaves behind a wake field. This device acts 
Iike a tPa”sPoPmeP where two beams are involved: one, made Of 
p.WtO”S, at high CUPPent and low energy, me OtheP. made Of 
either elecr~ons or positrons. at low current. and high energy. 
The two beams at-e coupled electPOmg”etically to each OtheP by a 
specially designed rf StrUCt.“Pe ma** Of a long sequence Of 
cavities. 

we diSCUS the use Of this device l-or the deS1g” OF a” 
electPo”-positPo” linear collider at 1 Te” energy per beam and 
luminosity 10” cm-~s-‘. 

Introduction 

it has bee” Know” for quite some time tnat a bunched beam I” a” accelerator, when 

cPossi”g a” l-f cavity, lea”85 behind a wake field along me gap “hiCh oscillates at me 

same frequency (or frequencies1 the r* cavity reso”ates to. ThlS Wake field :n general 

p?PSi9~S long enough. especially I” the case OP cavities with extPemely large rLgur*s or 

merit, to affect the motion of subsequent bunches and eventually the next tw” around the 

same bunch that induced it. This ~hen~rnen~n is called “bea,” loading”. It 19 well 

““derstoad and effectively present and Ytslhle in all maJor aCc*leratoPs or storage ring. 

In the case of perfectly conductive rf ca”ities with no dissipative media, the wake 

field left behind by a bunch Of charged particles 19 made Of energy that Will never 

vanish but Will simply oscillate between the inductive an* capacttive components 

Selectric and magnetic forms). trapped between tne Malls of the cavity. R fraction ot‘ it 

Will eventually escape by leaking thPO”gh the Ope”f”g at the sides Of the ca”iLy into the 

neighboring secr,ions Of the “aC”“m chamD*r, but most. Of It. Will be efreCtl”ely trapped. 

TtEE are only two ways the energy can be dissipated so that the wake field Will decay at 

some rate. If the walls are made Of reSisti”* material and dissipative media 19 

Introduced, currents will be induced in rhe metal by the wake field and dissipation will 

OCCUP as consequence Of the ohmic relations. Eventually the energy dissipated from its 

Original electro-magnetic form Ulll be all cO”“ePted in thermal form with a Pais Of the 

tempePat”Pe 01 the surrounblng. PIis phe”om*“Q 19 also ***I u”derstood and the figure or 

merit ca, Of the CaYity gives a meaS”Pe or the 91ze OP the effect and thePe*oPe al the 
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decay Of the wake field. 

It is alSO possible though that a *PaCtion OP the ‘wake field energy. before it has 

bee” dissipated considerably, can be recovered by a new bunch Of particles following at 

Short distance the one that has generated the wake field. If we call lo”git”di”al the 

direction along the axis Of the r* cavities, and ue assume both bunches ape travening at 

relativistic speed in this direction, a longitudinal electric field must a150 be 

generated within the wake field. At the right time interval the phase a* this field 

component Will be right to apply an energy implt1se to me second S”“Ch, that, is to 

accelerate it,. 

It has also bee” know” *or same time that a bunch Of charged paPtlcl*s going BCPOSS 

a sequence a* rf cavities loses energy by diffraction radiation. A" extensive woe and 

research has been done dwing the sixities and early seventies."' A computer code (KNi'C) 

has alSO been generate'3 to slake estimates an* analysis was carried otlt *or a variety Of 

cavity geametries. 1" particular one calculated the energy 1059 per unit ll?"Y&h and per 

pwticle and the longitudinal eleCtriO field extending behind the bunch Of particles. It 

was found that both these quantities depend linearly with me tAta charge o* the bunch. 

*t the same time these calculations Were done the q"estio" s.PiSed to many people 

WhetheP it is possible to accelwate other PaPtiCleS following the exciting bunch at some 

distance by reabsorbing at least a fraction Of the energy lost. me idea has been around 

*or quite Sc'metime until Peryede"tse" and Skrinsky wrote a paper' on the subject S"d 

called the device a "Proto" Kylstro"". Among other things, they proposed to aCCelePate 

e1ectons on the wake field Of pPOto"S, both Of them moving in the 5ame direction through 

a sequence of r-f structure. They proposed several cOnfigurationS on the best use a* a 

beam of PPOtonS to lOad the structure and their idea is still valid and we encourage the 

reader Of Lhi.3 note to read their paper. Ne"ertheless we believe the Pefelle"Ce to 

a klystron is not v&ally appropriate. Here we give a 1OOk on a dif*ere"t approach an how 

to design a device which accelerate electrons on the wake field of proton bunches. We 

prefer to Call this device a Wakeatro”. 

General Idea 

Befme going in too much detail let us *irse clear a point that must already appear 

ObY,O”S to the reader. Each plloton in the leading bunch Will lose an amO”“e Of energy 

per unit length mat we can write 
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where Np IS the number Of protons I” the bunch. e me charge eittlw Of a proton or an 

*l*CtW”, disregarding tne sign, and ALP an effective length which describes the loss to 

the rf StPUCt”Pe and VhiCh depends on the cavities geometry and 0” the proton bunch 

dimension and shape. A” electran which follows at a cO”“enient distance Will gain same 

energy *Porn that lost by the protons, Dut Will lose a190 some *or the same reason and 

which will be proportional to the total n”mDer Ne of electrons I” the bunch. Therefore 

we can write *or the energy gain per unit length 

(2) 

Here ho is a” effective length Which describes the energy gain and depends on the 

geomeery Of tne StPUCtUPe, on the pi-oton bunch d‘me”sio”s and Shape and on the distance 

Of me electrons from the proton b”“Ch. me two lengths hLP and AL* exe equivalent and 

the same, except that the dependence on the proton bunch dime”sio”s and snap* is replaced 

by me dependence on the electron bunch dtmensians and shape. It is seen that in order 

to have an **feeti"* ~positive~ energy gain *or the eleCtPO"S there 1s a limit on the 

"umber N* Of electrons that can be accelerated, that 1s 

A’ 
N <A 

w 
N -0 

* 
AZ0 p ez/h~Le 

(3) 

where ,*. is tne required energy gain. 

A" f"spectio" Of both (1) and (2) clearly shows the Wareatra" as a trans*orm?r 

rath*P than an amplifiw (like in the cs.se of a Kylstro"). some kina Of energy is 

released to a media an* transformed to another kind. the tPa"SfoPmatio" ratio not 

possibly exceeding unity. Nevertheless the two lengths iG and iL have different physical 

meanings and in principle, with the proper ~~n*Igu~ation of both bunches and with a 



proper choice of the cavity geometry, it Is possible to accelerate electrom at a rate 

higher than the llate at which protons lose their energy. Of Course not only (31 has to 

be Satisfied ht. also the eonse~vatio” Of energy: the total power absmbed by the 

2leCtPO” bunch cannot be possibly larger than the total power lost by tne protons. We 

can the” i”trOduCe a transformation efficiency as the ratio Of me total energy gained by 

the electron bunch to me total energy lost by the pPOt0” bunch 

At the very best a i 1. which. among ottlw things, assUmeS perfectly CO”d”Cti”e matwial 

with “0 thermal lasses. Therefore we Ilk to em*haSize again that the careful estimate 

Of ho and AL, Which is not really me scope Of this note, is essential. 

Outline Of the oevice 

The Hake8t~m which ue describe next is intended as a linear collider for electron 

and positrons beams each with energy a* 1 TeY and lumimsity of 1012cm~is~‘. We believe, 

as we shall also argue next, that aiming to t.hlS performance is reasonable and that. it 

Should not Peally be too diffIc”lt to attain. R higher perfOrma”ce is though 

q”estio”able, but ls.Pgei- energies ape cePtai”ly possiDle, the main limitation pPobably 

being the amO”“t Of real estate one is willing to Invest 0”. 

R possible lay-out Of the Wakeatro” is given in Fig. 1. It is ma** Of two pwts 

identical to each 0th~ but amanged symmetricaliy to eacn other around the cmssing 

point whwe the two beams collide. one part is to accelerate electrons and the Other 

pOSitPO”S. Each pwt Is made of a proton sour’ce which generates tignt bunches In a 

COnVentional my. There is an electron beam so”Pce at one side and a pOSltPO* beam 

so”Pce at the other. me acCel*PatiO” Of electro”s and p0s1tPo”s tares place in the two 

SeOtiOns Of the Wakeatro” itself which are ldenticai to each other Of the same r* 

StP”Ct”P*. me mode Of OpePatiO” we conceive 1s mat one proton bunch is extr-act** from 

each side injected in tnelr respective sectlo* of rf st~wtwe immedlawly followed by 

either an eleCtP0” or a POSitPOD bunch. This Will occur at some repetition rare a* which 

all the sources are to be adjusted to. 
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me PrOtOn .%“PCe 

Each proton source is made of a Linac, a Booster Ring, a” Accelerator Ring and a 

Shuttle Ring. The parameters *UP the compo”e”t.? aP* given in Table I. me Rccelwator 

*in* ha.? a cycle a* one ramp per second and Will deliver 4000 proton bunches to tne 

Shuttle Ring where they Will be Stored *or a period Of one Second during Which they Will 

be extracted an* by one Until the Shuttle Ring is empty and ready to receive a new load 

Of 4000 b”“ches from the Accelerator Ring. This mode a* operation Will provide a 

constant rate of f = ‘1000 e”COU*tePS/SeCcJ”d. The separation Of b”“&eS i” the Ring 

though Will be 5 nsec and this Obviously is Of some COnceP” *or the design Of an 

extraction kicker. me proton so”rces have to deliver *or Ob”iO”S reasons “*r-y intense 

and short bunches. We believe that 10” protons per bunch should be possible with an rms 

bunch iength 0 
P 

- 1 cm. For comparison hhe CERN-SPS has obtained 1.3~10~’ protons in a 

hunch with op < 10 cm. me ShoPt bunch length can be achieved by PaISin* the transition 

energy and choosing large accelerating Tf frequency and voltage. me proton beam energy 

nas Dee” set to 100 Ge” according to the fallowing criterion. AS we shall see a 

luminosity figure of 10” cms2 5.’ will require a power of about I MW in either electmn 

or positron beam with a Pepetitio" rate Of f = 4000 s-1; *or efficiency c0*si&?rati0* the 

proton beam POW~P ought to be much larger than this and we have chosen 10 M'd which yields 

the energy we have Selected *or me protons as show" alSO in Table I. From this point of 

view, the minimUm proton beam energy 1s 10 Ge", unless one IS willing to i"CPeaSee the 

number a* particles pep bunch well beyond "hat we believe is practical. on the Other 

hand it 1s obvious tnat laPreP energies are even more desirable because not Only mOPe 

power would be made available, but also the bunch dimensions can be f"PthePly reduced. 

Ye believe that the energy a* 100 Ce" PepPese"tS a good CompPomise when an* a150 

considers cast, magnets and required repetition Pate. The parameters listgiven inTable 

I is intended as an example. The design Of the whole proton source waits cleaPly a "Or-e 

detailed study which will make 50108 of these parameters to change In order to meet the 

beam specifications. I" particular we believe that a" individual Dunch aPea Of 

0.5 *Y-.%x is large enough *or the beam to be Stable against microwave coherent 

excitation, assuming 3 coupling empedance IZ/nl -1 ohm. Also the rm.3 emittance, the same 

in both planes. E = 8/BL - (lK’)/l is cansistent “ith me assumptions *or Other 

projects Of the moment k%c. LIE). 
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me SOUPCe for Electrons and P0sitPO”S 

me electrons and positPOn9 so”Pces ape each made Of a 1inac and a damping ring. TO 

generate positron9 a target Is irmwted between the two devices. Parameters are given in 

TableII, and ape intended as just an example. * more careful analysis is requited to 

optimize the design of the tvo sotrce5. *nyway, in principal, the linac win generate 

bunches at the Pate f = 4000 per second. TO produce pP0sitrO"s efficfently a" enwgy or 

1.0 oev stmli~a be more than adequate and the ~inac coum bemadeoperathg in the s-band 

mode lite SLK which WOU:d give an overall length Of about 100 m at a gradient of 10 

MV/lll. 

me electPO”/p0siti-o” bunches are the” transferred in the damping ring were they 

are kept circulating for a while. me main *unction Of the damping ring is to hold the 

beam until it is “cooled” effectively by synctrotron radiation. We propose that there 

ape 100 bunches at any time oirc”lati”g I” the ring; 9i”ce bunches ape to be extracted at 

the rate Of f - 4000 per second, the time each bunch “ill Spend in the ring is lOOlf - 25 

msec For tne I-adiation effects to take O”er effectively Ye require the typical 

radiation damping time corresponds to a fPaCtion Of tile circulating time, f’w example 113 

VhiCh is B msec. The parameters given in Table III would yield roughly an equilibrium 

rnl.¶ emittance E - e/y = (lo-‘ml/r Similar to the pPOt0” beam. For the 

elec~ro”/pasitron bUrLCh length we have take” a* ra.3 “ahe ce 3 ,mm smaller man the 

length Of the proton bunches. The design of these sources should be rattier 

straight-foward and Co”ve”ti0”a.l. 

me Wakeatrm 

Fig. 2 Show me geometry Of the Pf StP”Ct”Pe that makes the t.WO sections Of the 

mkeatron. It is made Of a Sequence Of a VePy large “umber OP identfcal cells with 

CylindPiCal geometry. BOWI beams go through a CentPal CiPCULw opening Of diameter a. 

me Outer ra’iills is b and assumed to be much Larger than me gap “idwl 8. me walls Of 

tne CBVities are taken to De perfectly conductive with no thermal losses and theiP 

thickness negligible compared to the gap Width. me interior 0f the cavities is fiued 

with good vacuum. 

R bunch of N paPt.icLes each with electric cnarge e, ms longitudinal length aI and 

practically no transverse dimensions loses an amount Of energy uflen tPa”ePSing the Ff 

energy, tnat. is given by eq. (1) when expressed per unit length and per p‘wtic1e. It, has 
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bee” estimated by 9evera1 people’ that tile effectiw length 1.9 

9. 
- J2 a exp(o*,/2g’) (5) 

where we have a150 introduced an exponential factor to take ito account the longitudinal 

extension Of the b”“Ch. Similarly it 1s aIs0 possible to estimate the amplitude Of the 

wa!ie field.’ It is speculated that the energy gain for a particle following the primary 

bunch has a form given by (21, with the effective 1engtn kc give” by 

AC - ; exp b*l1482) (6) 

In both (5) and (6! o1 is the rm length of the bunch induc1n.q the wake field. They are 

expected to be valid in the limit b + -, that is r-w the case each cavity is made Of two 

infinite parallel planes. I” eq. (6), E 19 a fOPrn faCtor WhlCtl depends on the cavity 

geometry, the distribution Of the primary bunch and 0” the distance between this and a 

following particle to be accelerated. It is expected E < 1, but this factor 5ti11 

requires a better analysis and it is certainly one 0P the major parameters fop 

i”“S%tigatiO”. I” particular it 19 possible that E depends somewhat on the gap width g 

and on tne opening Padim a, also in the limit b + -. FOP tne time being we Will consider 

this constant as S”Cil and independent of a.11 3thw parameters: a po‘nt mat waits 

crucially I-cc verification. 

Inspection of both (5) and (6) show already some results: 

(i) since one requires A0 and AL small, it is seen that a Small Openi”~ is more 

effective. I” principle this requires the smallest beam dimensions. me 

emittame for both beams are given L” Tables I and 11 and vertical a9 we11 as 

horizontal fOCUSSing has to be pl‘wided along the Uakeatron, eventually Wlt.h 

external mearl9. OhYtously the proton beam has the largest tPa”.¶YePse dimension: 

one can achieve a* Pm9 CP059-seCtlo” 0 = 0.3 mm iP the maXlm”m value OP the 

amplitude lattice Punctfo” B,,, - 10 m, UtliCh is not impossible. me 

electPo”/pa9itPO” bunch tPa”sYwse dimensions are expected to be smaller. Of 

course eXtPeme care mwt be take” so that a11 the teams i”YolYed are kept Stable 

against coherent eYCitatio” from beam loading and transverse m’xie9, and that theiP 

eventual emittance groutn Can be effectively controlled to the des‘red value. TO 



allow enough POOrn for me proton beam we propose hem a = I mm. It is possible 

Pm instanCe to make the Pf Cavities as a stack Of a large number Of conductive, 

parallel plates and let the proton beam ttself to Will a hole thPough the 

StPUCt”Pf3. 

(ii1 A vecy weak dependence on me energy is expected for both iL and iG as long a9 the 

two warns ape ti-awlling at relativistic velocities. 

(iii) It seems that the gap width g enters only in the expanential factor where it is 

cOmpaPed to the i-Ins bunch length aI. one requires o1 <g in UhlCh ca9e both the 

energy loss and the energy gain per unit length and per PaPticle do not seem to 

depend on the gap width g, at least as long b >> g. This is a point tnat requires 

verification and l”ta”SiW Study and it could be connected to the ddinitio” 3f 

the form f.xtoP E. 

(iv1 It may seem mat the exPOne”tial factors i”tPOd”Ced in eqs. (5) and (6) ape ad 

hoc. Actually they can be expliclty derived. ‘*a Ob5ePYe the different dependence 

0” me eYpO”ent in the two equations: the dependence an o1 19 weaker far the 

energy gain. This cm be easily explained by Pecalling that the energy 1095 is an 

integral OYeP the cavity volume Of the square Of the electric field, whereas the 

energy gain is the electric field itself. 

With (5) and (61, the transfomation coefficient (4, be~o,,,es 

a = 2c2 Ne r exp (o’1/2g2) (7) 
P 

A9 we have said at me most u = 1; in reality a fraction Of me energy left behind by the 

proton bunch Will be dissipated in other ways. we assume here ‘3 - 0.4; a” aSS”mptlo” 

that cmgtlt to be confirmed. since, as we shall See later Ne = 3x10’ partiClea per bunch 

are required for a luminosity of lO”cm~‘s~‘at 1 Tev we need 

E’ exp (nll/Zg’) - 6.7 (8) 

me Pf cavities Ought to be designed with a gap g so that (8) 19 fulfilled. This remains 

to be proven. For the mOme”t we can gue35 and propose 
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g = 1 cm 

E = 2.0 

and then it is proper to take for instance b = 20 cm. The thickness Of me mater-la1 can 

be take” to be 1 rn” or less. All the Other parameters can be wily &PiWd and they a-e 

listed in Table III. I” particular the energy gain expected is 350 Me”/m which 

corresponds to a length of almost 3 Km to achieve an energy I Tev. *he protons UOUI~ 

10.x about 26.5 m?“/rn, that is a final enwgy Of about 25 Ge” at the end Of the 

Wakeatrm. 

A pPObie” at this point aPise9. It 19 “ece59aPY that the two beams have as equal 

YeloCitieS as possible so that the distance between me two bunches does not change mOPe 

than a fractla” Of the electron bunch length over the length Of the accelerating 

Stt-“Ct”Pe. If this is 3 Km, synchronism between the two beams is cmpletely lost. * 

single argument is the following: in the case Ye >> Y p and bath are constant, the 

PPlatiYe difference *or the lengths tPaYelled is 

Even If we take Yp = 100 and L - 3000 m we obtain *L - 15 cm, Which is too large. TO 

cope with this problem the Scheme outlined in Fig. I Should be changed; a possibility 

being to divide the Yakeatro” into several 9tmrt stages next to each Other-. Each stage 

Sho”:d have a length short enough to presprve synchronism between the two beams. 

Synchronism is the” restored from one stage to mottler with eigtler multiple bunch 

operation, or by adjusting the path length of the two beams. 

Another PPObIem .31x Of Yet-y serious cancer-rl is to keep both beams moving right on 

the axis Of the Pf .9tructure. ooint so one avoids excitatlo” Of tra”sYeP3e modes and the 

possible instabilities that these can cause. It. is certainly cI‘ucia1 to preserve the 

“OPmalized emittance generate’3 by the electron/positron damping rings. we assume that 

this is p099Lble. 

The performance Of the linear COllideP is described in Table IV. With the present 

scheme where the energy OE the protons is 100 Ge” it is not passlble to raise me energy 

Of the electrons OP positrons beyond 1 T.2”. To do this larger proton energy is required. 

For instance to generate a 10 Te” e+ beam it seems that a 1 Tell proton beam is required. 



Efficiency and cost Considerations 

We expect the following requirements for the power needed to operate me Collider. 

Each Proton source: 
Beam Power 10 MW 
Magnet Power 
RF Power 

TOTkL 

10 MW 
10 MW - 
30 w 

Each Electron Source: 
Ll”X 
Damping *in* 

TOTAL 

3 MW 
3 

6 MW 

Few MW vlll be also required fop focusslng and transpwt along the Wakeatron. Therefore 

we estimate a total af 2x40 - 80 MW to operate the entire device with the exclusion Of 

t'le det.ectar. me electron or positron beam we have described above is equivalent to a 

power of 2 MW (POP each beam) and the efficiency can be estimated as the ratio 

(2x2 MH)/80 w 1 1/*0. which is not a bad figure at all. 

one can make alsO a very rough estimate for the cost of the entire de"iCe (again. 

excluding the detector, in the following way): 

Ea.Ctl Proton Source 200 M$ 
Each EleCtPO” source 25 M$ 
Each section Of RF StPUCt”Pe 100 M$ 
Transport, Transfer and FcJCUSSI”g 

for Each Side 25 MP 
TOTU 350 

TOTAL PROJECT 

wee Of any contingency 2nd escalation. 

I.E. Keil. Proc. Inter”. CO”f. High Energy *CCelePatoPS, II (Yerwa”, ,969). p. 551. Al.50 
Nuclear I”StP. and Methods 100 (1972), p. 419. 
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3. E.A. Peryedenste" and &.N. Skrinsky. Proc. of the 6th All-Union Conference an 
Charged Particles Accelerator3 (3lana, 1978). Dubna, 1979, Y. 2, p. 272. 11190: 
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L.inac: 
output. Energy 
RF 

Damping sing: 
E”WgY 
Average Radius 
hoking Factor 
Dipole Field 
Betatro” tune, Y 

upa. of bu”che$ c i’cVu1ating F 
NO. Of paPtiCleS/b”“ch 
Radia$io” damp‘ng time 

0’18 CH and v, assuming f”ll coupling) 
Rrn!s b”rEh length 
Time internal between individual 

bunch extraction 
Energy LOSS 

RF: 
FPeq”e”cy 
“Oltage 

I la” 
3 CHZ 

1 Ge” 
10 m 
501 
8 Kg 
-15 
100 
3x10' 
8 msec 
IO-%/Ye 
1 mm 

*5 maec 
20 t&“/turn 

500 MHZ 
TOO k” 
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Table III me Wakeatro” RF structwe 

CZiYitfeS: 
Gap width, g 1 cm 
Iris PBdiUS. a 1 lnm 
O”teP radius. b 20 Cm 
wall tiliclcness (copper) <I mm 

EffeCtiYe 1035 length, A 
Effective gain length. \LP 

2.33 m 

Tr=nsfarmatio” coerric&t, u 
0.642 mm 
0.4 

Form factor, E 2.0 

Energy Lass per PPOk7” 26.5 Me”/m 
Energy Gain per electron/positron 350 Me”/m 
Energy LOSS per electron/positron I .3 MeVIm 

Total length Of me r*-structure 2x3 km 

Table I” COllldeP Performance 

L”ml”OSity lo’%x-‘s-’ 
Repetition rate, f 4 KHZ 
NO. or particles/bunch, N 3x109 

aH V* 5 mm 
Rm.4 B-emittame, oa/B 

H and “, aSS”ml”g E “11 coupling 
Energy per beam 

lo-%/Ye 
1 Tell 

ms beam spot, OH “* 500 AD 
Rrn.3 bunch length,‘” 
Disruption paramets~, D 

1 ml!? 
7 

Energy spread due to Beamstrahlung 3% 
POW.9 in each beam 2 MW 
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RF iii.,‘dr 
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